Abstract. Function and potential mechanism of microvesicles (MVs) containing microRNA34a in renal interstitial fibrosis were investigated. A rat model of renal interstitial fibrosis was established by unilateral ureteral ligation (UUO).Rat proximal tubular epithelial cell line (NRK-52E) was used to explore the effect of MVs containing microRNA-34a on tubular epithelial cells during fibrosis, which were secreted by tubulointerstitial fibroblasts. Regardless of the UUO renal interstitial fibrosis model, or the TGF-β1-treated renal tubular epithelial cells, microRNA-34a was increased in the MVs secreted by tubulointerstitial fibroblasts. miR-34a could be transmitted through the damaged tubule basement membrane to proximal tubular epithelial cells, where it induced apoptosis of renal tubular epithelial cells by inhibiting the expression of Bcl-2, further aggravating renal interstitial fibrosis. MicroRNA-34a secreted by damaged renal interstitial fibroblasts can promote renal tubular epithelial cell apoptosis and participate in renal interstitial fibrosis by inhibiting Bcl-2.
Introduction
The final common pathological result of chronic kidney disease (CKD) is renal interstitial fibrosis (1, 2) , which is characterized by tubular atrophy and accumulation of extracellular matrix (3) . Apoptosis of tubular epithelial cells is one of the causes of tubular atrophy and interstitial fibrosis (4) (5) (6) (7) . Hypoxia, oxidative stress, and TGF-β1 treatment are all leading causes of apoptosis in the model of unilateral ureteral obstruction (UUO)-induced renal interstitial fibrosis (8, 9) , which can promote inflammatory reactions and increase synthesis of extracellular matrix, eventually leading to renal interstitial fibrosis. Factors that can reduce apoptosis such as hepatocyte growth factor (HGF) and bone morphogenetic protein-7 (BMP-7) can delay renal interstitial fibrosis (6, 10, 11) . However, the molecular mechanism underlying apoptosis of renal tubular epithelial cells remains unknown.
MicroRNAs are endogenous non-coding small RNAs that are widely present in eukaryotic organisms and play an important role in renal development and renal homeostasis (12) (13) (14) . Recent studies have shown positive feedback regulation between miRNA-34 family (miR-34s) and tumor suppressor protein p53, suggesting that miRNA-34 may be involved in the regulation of tumor cell apoptosis (15, 16) . Mature miR-34s in mammals are divided into three types, miR-34a, miR-34b, and miR-34c. miR-34a is the most widely distributed and has the highest expression. miR-34a can promote cell apoptosis by inhibiting Bcl-2 in hepatoma and colorectal cancer cells (17, 18) . However, the role of miR-34a in kidney diseases has not been widely studied, so we hypothesized that miR-34a may regulate renal tubular epithelial cells apoptosis during renal interstitial fibrosis.
miRNAs not only regulate the expression of target genes directly, but also regulate the expression of target genes in other cells through the delivery by microvesicles (MVs). In recent years, MVs have attracted wide attention as the most important link between cells (19) . miRNAs found in serum derived from tumor cell MVs have been shown to be associated with tumor metastasis and apoptosis (20) (21) (22) (23) .
In this study, UUO was used as a renal interstitial fibrosis model and TGF-β1-treatment was used as an attempt to investigate the role of MVs containing miR-34a in regulating renal tubular epithelial cell apoptosis. We found that miR-34a was mainly distributed in renal tubular interstitial cells and that its expression was significantly increased in obstructed renal tissues after obstruction. TGF-β1 treatment upregulated miR-34a expression in mesenchymal fibroblasts.miR-34a derived from mesenchymal fibroblast MVs can be transmitted to proximal tubular epithelial cells through the damaged tubular basement membrane and induced apoptosis through inhibition of Bcl-2 expression. This study provides a new molecular mechanism for microRNA-mediated apoptosis of renal tubular epithelial cells and a new theoretical basis for the pathogenesis of renal interstitial fibrosis.
Materials and methods
Mice. Male CD-1 mice weighing 18-20 g were purchased from the Nanjing University Laboratory, and were raised according to the experimental animal feeding standard. The mice were randomly divided into 4 groups, which were sham-operated group, UUO groups for 1, 3, and 7 days (n=6 each group). Mice were sacrificed on 1, 3 and 7 days after operation, respectively and the kidney tissues were obtained. This study was approved by The Animal Care and Use Review Committee of Wujiang Hospital Affiliated to Nantong University (Suzhou, China).
Cell culture and treatment. The rat proximal tubular epithelial cells (NRK-52E) and the renal interstitial fibroblast cells (NRK-49F) were planted on a petri dish and cultured at 37˚C, 5% CO 2 environment. The culture medium was DMEM/F12 (12400-024), containing 10% fetal bovine serum (FBS; 16000-044) and 1% penicillin-streptomycin (15140-122) (all from Life Technologies; Thermo Fisher Scientific, Inc., Waltham, MA, USA). When cells grew to 80% confluency, the culture medium was replaced with serum-free medium for 16 h. After 16 h, the serum-free medium was replaced again, and TGFβ1 (240B; R&D Systems, Inc., Minneapolis, MN, USA) was added to stimulate the cells. Cells and supernatants were collected at different times. The control group was collected in the same way.
Microvesicle extraction. We used ultracentrifugation to extract the MVs in the cell supernatant. Cell supernatants were centriMVs in the cell supernatant. Cell supernatants were centriin the cell supernatant. Cell supernatants were centrifuged at 300 x g for 10 min at 4˚C, then 1,200 x g for 20 min and 10,000 x g for 30 min. The supernatant was collected, and then centrifuged at 4˚C for 110,000 x g for 60 min. Finally, the precipitate was the MVs. The MVs were resuspended with appropriate phosphate-buffered saline (PBS). TRIzol reagent (10296-028; Life Technologies; Thermo Fisher Scientific, Inc.) was used to extract mRNA of MVs.
miRNA detection by reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR). mRNA was extracted from tissues or cells using TRIzol, and the cDNA was synthesized using miScript RT II kit (15596-026; Life Technologies; Thermo Fisher Scientific, Inc.), and was stored at -20˚C. RT-qPCR was performed using the miScript SYBR-Green PCR kit (28073; Qiagen, Duesseldorf, Germany) to investigate the relative gene expressions.
Plasmid transfection. The cells were planted in 6-well plate, and cultured in DMEM/F12 with 10% FBS. When 90-95% confluency was reached, 1.5 ml of serum-free and antibiotic-free culture medium was replaced per well. A total of 2.5 µg plasmid (pGPH1/GFP/NEO-BCL-2 shRNA; Shanghai Yingjun Biotech Company, Shanghai, China) and 5 µl Liposome 2000 were diluted with 250 µl Opti-MEM (serum reduced medium) and incubated for 5 min at room temperature, respectively. The two transfection mixtures were mixed and incubated at room temperature for 20 min. A total of 500 µl of transfection mixture was added into each well, and gently mixed with the cell culture medium. Then the cells were incubated in CO 2 incubator. The medium was changed 6 h later, then the cells were stimulated with or without TGF-β1. After 48 h, cells were collected.
TUNEL staining. Apoptosis of tissues and cells was detected using the TACS2 TdT-DAB/Fluor in situ apoptosis detection kit (no. 4812-30-K; Trevigen, Gaithersburg, MD, USA). Briefly, a coverslip was pre-placed in a 24-well plate, then cells were plated on the coverslips. The cells were incubated with 50 μl proteinase K for 30 min at room temperature. After being washed in deionized water, the cells were immersed in 1X TdT labeling buffer for another 5 min. Then, the cells were incubated with 50 μl labeled reaction solution in a wet box at 37˚C for 1 h. The stop solution 1X TdT was dipped in medium at room temperature, for 5 min. After washing twice with deionized water, the cells were incubated with 50 μl Strep-DAB/Fluor solution for 20 min in the dark. Finally, the cells were washed with 1X PBS twice. A Nikon Eclipse 80i (fluorescence) microscope equipped with a DS-Ril (Nikon Corporation, Tokyo, Japan) digital camera was used to observe and photograph the cells. A total of 20 random fields of each sample were selected for capturing images under the microscope at a magnification of x200. The number of positive cells was counted and the average value was calculated to make a histogram of the number of TUNEL-positive cells.
Immunoblot analysis. Cells were ground or collected with cell scraper to obtain the total protein of cells by lysate on ice, then centrifuged at 16,000 x g at 4˚C for 30 min. Bicinchoninic acid (BCA) Protein Assay kit (Beyotime, Shanghai, China) was used to measure protein concentration. Followed by sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE), the immunoblots were incubated with the antibodies of fibronectin (FN; cat. no. 3648; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), CD34 (cat. no. sc-15363; Santa Cruz Biotechology, Inc., Santa Cruz, CA, USA), p-caspase-3 (cat. no. ab59425), caspase-3 (cat. no. ab13847; both from Abcam, Cambridge, MA, USA), Bcl-2 (cat. no. 2870; Cell Signaling Technology, Inc., Danvers, MA, USA) and tubulin (cat. no. ab7291; Abcam).
Statistical analysis. Statistical analysis was performed using Statistical Product and Service Solutions (SPSS) 16.1 statistical software (SPSS, Inc., Chicago, IL, USA). Measurement data were expressed as mean ± standard error. One-way ANOVA (post-hoc LSD or SNK) was used for comparison between multiple experimental groups. The experimental data were compared between the two groups using Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results

Increased expression of miR-34a in obstructed renal tissue and MVs.
A large amount of cell apoptosis occurred in a UUO-induced renal interstitial fibrosis model. We first detected the expression of miR-34a in renal tissue, and found that miR-34a expression began to increase on the first day after surgery, and had a time-dependent elevation (Fig. 1A) . At the same time, the mRNA expression of miR-34a in renal tissue was also significantly increased after treatment; it was also time-dependent (Fig. 1B) .
To determine whether the increased expression of miR-34a in the obstructed kidney was secreted into MVs, we extracted MVs from the kidney. As shown in Fig. 1C , the expression of miR-34a in the MVs of the obstructed kidney was significantly increased (Fig. 1C) . CD63 is a marker protein of MVs. CD63 protein expression represents the content of MVs. The results showed that compared with the sham-operated renal tissue, the expression of CD63 was increased in obstructed kidney tissue (Fig. 1D) , suggesting that in the UUO renal interstitial fibrosis model, the secretion of MVs in the kidney was increased. Thus, these data demonstrated that in the UUO-induced renal interstitial fibrosis model, MVs containing microRNA-34a were increased.
miR-34a is increased in TGF-β1-treated fibroblasts and aggravated renal interstitial fibrosis.
To clarify the expression of miR-34a in the renal tissue after obstruction, we treated NRK-52E and NRK-49F cells with TGF-β1 to observe the expression of miR-34a. Firstly, we stimulated cells with different concentrations of TGF-β1 for 24 h and extracted MVs from cell culture fluid, then we found that miR-34a expression was significantly increased in fibroblasts compared to the control group. The cells treated with TGF-β1 at a concentration of 5 ng/ml had the highest miR-34a expression. However, miR-34a expression in tubule epithelial cells did not change significantly ( Fig. 2A) . We then treated both cell lines with 5 ng/ml TGF-β1 for different time-points to detect the expression of miR-34a in MVs from cell culture fluid. A similar result was found that the expression of miR-34a was significantly increased in fibroblasts and was time-dependent, whereas the expression of miR-34a was slightly increased in tubule epithelial cells (Fig. 2B) . The MVs collected from the culture fluid of NRK-49F cells were treated with TGF-β1 at a concentration of 5 ng/ml, then stimulated NRK-52E cells with MVs at a concentration of 200 nmol/l for different times, then we found the expression of α-SMA and FN were increased and were time-dependent (Fig. 2C) . Similar results were found in the mRNA expression of α-SMA and FN which were increased in experimental groups ( Fig. 2D and E) .
miR-34a induces apoptosis of proximal tubular epithelial cells.
To directly verify whether miR-34a promotes apoptosis of proximal tubular epithelial cells, we transfected miR-34a mimic and inhibitor to observe apoptosis to achieve miR-34a overexpression and knockdown. First, we tested the transfection efficiency. The results showed that transfection of miR-34a inhibitor significantly downregulated the expression of miR-34a in NRK-52E cells (Fig. 3A) , while miR-34a mimic transfection significantly increased the expression of miR-34a (Fig. 3B) . We used TUNEL staining to compare the apoptosis of proximal tubular epithelial cells after transfection with 80 nmol/l negative control, miR-34a mimic and miR-34a inhibitor. The results showed that the number of apoptotic cells in the mimic group was significantly increased (Fig. 3C) , while the number of apoptosis in the inhibitor transfected group was decreased. The same result was obtained by counting the number of cells (Fig. 3D) .
Caspase-3 is a marker of apoptosis. Therefore, we observed the effect of miR-34a on apoptosis of renal tubular epithelial cells by observing the expression of caspase-3. The results showed that when miR34a was upregulated in NRK-52E cells, the expression of caspase-3 protein was significantly increased as well, whereas after downregulating miR-34a, the expression of caspase-3 protein was decreased (Fig. 3E) . The mRNA levels of caspase-3 in each group were found to be consistent with the protein results. These results suggested that miR-34a can promote renal tubular epithelial cell apoptosis.
miR-34a participates in renal interstitial fibrosis by inhibiting apoptosis of target gene Bcl-2.
Bioinformatics studies have shown that Bcl-2 is the target protein of miR-34a. Previous studies have confirmed that miR-34a regulates the expression of Bcl-2 in tumor cells (17, 18, 24) . We then hypothesize whether miR-34a regulates apoptosis through Bcl-2. We found that transfection with miR-34a mimic inhibited Bcl-2 protein expression, whereas transfection with miR-34a inhibitor increased Bcl-2 protein expression (Fig. 4A) . Similarly, at the gene level, Bcl-2 mRNA levels decreased when miR-34a was upregulated, whereas Bcl-2 mRNA levels increased when miR-34a was downregulated (Fig. 4B) . Later, we treated NRK-49F and NRK-52E cells with TGF-β1 and found that Bcl-2 protein levels and mRNA levels were all reduced (Fig. 4C and D) . Downregulated Bcl-2 induces apoptosis of proximal tubular epithelial cells. Previously, we found that upregulation of miR-34a or TGF-β1 treatment of NRK-49F micro-vessels can inhibit the expression of Bcl-2 in proximal tubular epithelial cells and induce apoptosis. Then we transfected Bcl-2-specific plasmids to downregulate the expression of Bcl-2 in NRK-52E cells to observe whether apoptosis and fibrosis were further aggravated. We first observed the transfection efficiency of different concentrations of plasmids. We selected a concentration of 80 nmol/l. After treatment of NRK-52E 24 h, we found that downregulation of Bcl-2 increased the expression of p-caspase-3 and promoted interstitial fibrosis (Fig. 5B) . Similar results were found in mRNA level analysis (Fig. 5C and D) . The data show that the downregulation of Bcl-2 can promote apoptosis of proximal tubular epithelial cells and aggravate renal interstitial fibrosis.
Discussion
Renal interstitial fibrosis is a common pathological result of CKD, in which apoptosis of renal tubular epithelial cells plays an important role. However, the molecular mechanism is still not clear. Apoptosis, a programmed cell death, is a common form of cell death (25) . Many studies have shown that there is abundant apoptosis of cells in various fibrotic organs, suggesting that apoptosis is likely to induce and promote the occurrence and development of organ tissue fibrosis (26) . Renal interstitial fibrosis is characterized by tubular atrophy and extracellular accumulation of tubulointerstitial cells (3) . Apoptosis of renal tubular epithelial cells is one of the causes of renal tubular atrophy and tubulointerstitial fibrosis (5-7). Previous studies have found evidence of apoptosis in fibrotic kidney tissue by detecting changes in cellular DNA, mitochondria, cell membranes, and cell morphology.
Recent studies have found that miR-34s can regulate tumor cell apoptosis. Among them, the transcriptional expression of miR-34a alone is most widely distributed in various tissues. Bcl-2 is an important anti-apoptosis gene in caspase cell apoptosis pathway. Studies have shown that Bcl-2 expression was inhibited after miR-34s transfection into colon cancer cells. After silencing of miR-34 expression, the expression of Bcl-2 was increased and the anti-apoptotic ability of cells was enhanced (18) . Therefore, we hypothesize that miR-34a may also have a role in apoptosis of renal tubular epithelial cells.
To investigate whether miR-34a is involved in the regulation of renal tubular epithelial cell apoptosis, we first examined the expression of miR-34a in the UUO renal interstitial fibrosis model. As a result, we found that the expression of miR-34a as well as the MVs was significantly increased in the renal tissue. Afterwards, we found that MVs containing miR-34a also increased significantly. Subsequently, we used in vitro experiments to detect the distribution of miR-34a. We used TGF-β1 to treat NRK-49F and NRK-52E cells to alter their phenotypes, producing extracellular matrix and promoting fibrosis. We found that miR-34a was only significantly increased in interstitial fibroblasts, suggesting that miR-34a is mainly distributed in interstitial fibroblasts but not in tubule epithelial cells. Studies have confirmed that TGF-β1 can be transmitted from injured epithelial cells to fibroblasts and induce renal interstitial fibrosis (27) . Therefore, we hypothesize that in the obstruction model, the tubule basement membrane was broken and lost its integrity, allowing miR-34a to pass from the mesenchymal fibroblasts to the renal tubular epithelial cells, inducing apoptosis of the renal tubular epithelial cells and promoting renal interstitial fibrosis.
In conclusion, this study shows that in the process of renal interstitial fibrosis, interstitial fibroblasts can secrete miR-34a-containing MVs and transmit signals to renal tubular epithelial cells through the ruptured basement membrane. miR-34a can inhibit the target protein Bcl-2, activate caspase apoptosis pathway, induce apoptosis of renal tubular epithelial cells, and promote renal interstitial fibrosis. MVs containing miRNAs serve as an important molecular platform for mediating cells, helping to further understand the molecular mechanisms of renal tubular epithelial cell apoptosis and tubulointerstitial fibrosis. Our identification of miR-34a in renal interstitial fibrosis suggests miR-34a mimics or inhibitors as potential therapeutics for treating renal interstitial fibrosis.
